Results

as to the type of neural cells affected by HLH-m5 and E(spl).
More severe defects were obtained after simultaneBy using the Gal4-UAS system, we examined the effects of expressing variants of two of the genes of the ous expression of two copies of either gene, and even more drastic effects were seen after expressing one E(SPL)-C, E(spl) and HLH-m5. These variants included the wild-type alleles, N-terminal fusions of E(spl) to an copy each of E(spl) and HLH-m5 under the control of the same da-Gal4 activator ( Figure 1D ). Although all epitope tag, and E(spl) bdϪ , in which the basic domain had been neutralized ). To control for tested combinations showed the same kind of cooperative effects, we used effector lines of different strengths position effects, a relatively large number of independent insertions of the effector constructs were studied.
to assess the differences, comparing the severity of the phenotype generated by crossing a weak UAS-HLH-m5 We established strains with 100 independent insertions of UAS-E(spl), 29 of UAS-HLH-m5, and 24 of UASand an intermediate UAS-E(spl) effector, to that generated by crossing a strong UAS-E(spl) and the same E(spl) bdϪ . When driven by the da-Gal4 activator (Wodarz et al., 1995) , which mediates ubiquitous transcription intermediate UAS-E(spl) effector used in the previous case. A similar degree of neural hypoplasia was obthroughout embryogenesis (Cronmiller and Cummings, 1993; Vaessin et al., 1994) , 11 of the UAS-E(spl) effector served in both cases (data not shown). Considering that the phenotype caused by the weak UAS-HLH-m5 efinsertions caused dominant embryonic lethality, 29 were pupal lethal and the remaining 60 were viable. Using the fector alone is much weaker than that caused by the strong UAS-E(spl) effector alone, the enhancement of same activator, five of the UAS-HLH-m5 insertions were semilethal, with animals dying in embryonic and larval the phenotype found on expressing both together suggests cooperative effects of . stages, and the remaining 24 were viable. Two of the 24 lines carrying a UAS-E (spl) bdϪ effector were embryonic Using the sca-Gal4 activator, which mediates expression in proneural clusters in the imaginal discs, as well lethal; the other 22 were either semilethal or viable when the effectors were driven by da-Gal4. In addition, 27 as in the neuroectoderm (Mlodzik et al., 1991) , defects in the pattern of bristles of variable intensity were deindependent insertions of the UAS-N flag-E(spl) construct were established. Ubiquitous expression in two of them tected in more than 90% of the UAS-E(spl) and/or UAS-HLH-m5 effector strains. The most severe defects were caused embryonic lethality; the remaining were either semilethal or viable.
found in flies from pupal-lethal lines driven by da-Gal4 or by sca-Gal4, which were pulled out of the pupal case. In situ hybridizations of E(spl) and HLH-m5 probes to embryos expressing wild-type variants, and anti-flag Following UAS-E(spl) expression, these flies lacked almost all macrochaetae and microchaetae ( Figure 2B ), antibody staining of embryos expressing flag-E(spl) fusion proteins, gave comparable results with the two whereas expression of UAS-HLH-m5 had weaker effects and mostly affected macrochaetae ( Figure 2E ). Differgenes, indicating that the exogenous genes are translated efficiently. As driven by da-Gal4, the exogenous ences in the bristles affected were found depending on the gene expressed. Thus, most notal chaetae were E(spl) was expressed as early as stage 6-7, reflecting the expression pattern of the daughterless promoter. missing in almost all the flies that expressed UAS-E(spl), but were less affected in the flies expressing UAS-HLHInitially, the expression products exhibit a mosaic distribution, in that varying amounts are detected in the cells m5 (Figures 2A and 2E ), whereas bristles on the wing margin were affected only in the flies expressing any of of the neuroectoderm. However, during stages 8-11, when neuroblasts delaminate, the exogenous E(spl)
various UAS-HLH-m5 effectors (data not shown). Bristle differentiation defects, as double sockets, were also gene was strongly and rather homogeneously expressed (data not shown). frequent in the notum following UAS-HLH-m5 expression. Flies from most other lines with either construct exhibited a variable loss of bristles.
Persistent Expression of Genes of the E(SPL)-C Causes Neural Hypoplasic Defects
When driven by da-Gal4, four of the 100 effector lines Persistent Expression of E(spl) or HLH-m5 Suppresses Expression of Neuroblast and transgenic for UAS-E(spl) produced strong dominant effects on embryonic development, another seven pro-SMC Markers but Does Not Affect Neuroblast Segregation duced intermediate and weak embryonic effects, and the remaining 89 transgenic lines studied did not proCentral neural hypoplasia is preceded by a strong reduction or a failure of the neuroblasts and embryonic SMCs duce detectable effects in embryos. Embryos from the lines of the first group exhibit severe central and periphto express various markers normally expressed in progenitor cells. The pattern of SI and SII neuroblast segreeral neural hypoplasia ( Figure 1C ; Figure 5C ). Most of the Mab22C10-and 44C11-positive cells of sensory orgation appears to be normal in animals expressing E(spl) driven by da-Gal4, as large neuroblastlike cells are found gans are absent. However, no obvious defects can be detected in the pattern of denticle belts of these emat the normal positions of the SI and SII neuroblasts. However, in situ hybridization and antibody stainings bryos. Large groups of marker-positive cells still remain in the CNS ( Figure 1B) . Weaker effects were obtained show a strong reduction of the expression of asense ( Figures 1F and 1H ) (refer to . We also after expressing UAS-HLH-m5 via the same da-Gal4 activator ( Figure 1C ). Embryos from five of the 29 UASassessed the activity of snail in these embryos to study the effects on a gene whose expression in the neuroec-HLH-m5 effector lines showed mild neural hypoplasia. However, no obvious qualitative differences were seen toderm and neuroblasts is independent of the ASC (Ip , 1994; Skeath et al., 1994) . snail transcripts are reduces snail expression in the neuroectoderm as early as in stages 7-8 ( Figures 3E and 3F ) and neuroblasts. normally found both in neuroectodermal clusters and segregated neuroblasts, whereas snail protein is exTo analyze the effects of persistent E(spl) expression on the imaginal SMCs, we recombined A101 (Bellen et pressed more strongly in the segregated neuroblasts than in the neuroectodermal clusters (Figures 3A and al., 1989) into chromosomes carrying the corresponding effectors. In A101, the lacZ reporter gene is inserted 3B) (Alberga et al., 1991; Struhl et al., 1993; Ip et al., 1994; Skeath et al., 1994) . Persistent expression of E (spl) in the neuralized locus (Boulianne et al., 1991) and is expressed in SMCs from early stages on (Huang et al., Persistent Expression of E(spl) and HLH-m5 Affects Expression of the Proneural Genes achaete 1991; Usui and Kimura, 1992) . ␤-gal activity was barely detectable in the wing discs of the A101 line persistently and lethal of scute To investigate the mechanism that leads to the failure expressing UAS-E(spl), with the exception of the presumptive wing margin region ( Figures 4A and 4C ). This to express early markers and, eventually, to the neural hypoplasic defects, we analyzed the expression of correlates with the loss of bristles observed throughout the notum, but not in the wing margin of these flies. In the achaete and lethal of scute in embryos persistently expressing E(spl) or HLH-m5. We describe below the patimaginal discs in which UAS-HLH-m5 was persistently expressed, the presumptive wing margin region totaltern of transcript distribution of both genes, because it rather directly reflects changes in gene expression. ly lacked ␤-gal activity and, concomitantly, the flies showed loss of wing margin bristles ( Figure 4B ).
However, the same defects were in principle observed with respect to the corresponding proteins (data not and the concentration of transcripts in SI neuroblasts is lower than in the wild-type ( Figures 3G and 3H ). Moreshown).
In wild-type embryos, four achaete-positive cell clusover, the posterior medial and, often, the anterior medial neuroblast of the quartet cease achaete expression earters per hemisegment are found at late stage 8; achaete transcripts then become restricted to single cells that lier than the lateral neuroblasts ( Figure 3G ). Defects of similar quality were also detected in the transcription segregate as SI neuroblasts (Cabrera et al. 1987; ; Ruiz-Gó mez and pattern of lethal of scute preceding and following SI and SII neuroblast segregation (data not shown). In contrast . Hence, four achaete-positive neuroblasts are present per hemisegment at stage 9 (Figures to achaete and lethal of scute, no differences were detected between wild-type and persistently expressing 3C and 3D; Doe, 1992) . The achaete transcripts disappear earlier from the two lateral and the posterior medial E(spl) embryos with respect to the expression of daughterless (data not shown). neuroblasts than from the anterior medial neuroblast (Ruiz-Gó mez and . In embryos persistently expressing E(spl), the pattern of expression of
The Exogenous Genes Are Functional To test the function of the transgenes, we tried to achaete in four cell clusters during early stage 8 appears to be normal. However, the number of expressing cells rescue the phenotype of a deficiency of the entire E(SPL)-C, which has a partially affected groucho gene either with one copy of the ASC, or lacking the ASC. Heterozygous embryos were distinguished from hemi-(Df(3R)gro b32 , Schrons et al., 1992) . One copy of a strong UAS-E(spl) effector driven by da-Gal4 attenuates the zygotes by a blue X-chromosomal balancer. Hemizygous ASC Ϫ male embryos in which E(spl) was driven by severe phenotype of mutants homozygous for this deficiency to intermediate levels ( Figures 5A and 5B) . Two the da-Gal4 activator were almost completely aneural (Figures 5E and 5F), heterozygous embryos contained copies rescue the phenotype of this deficiency more strongly. Expression of HLH-m5 has weaker rescuing only a few clusters of 44C11-and 22C10-positive cells (data not shown). Thus, the neural hypoplasic effects of abilities than E(spl). These data indicate that the exogenous genes are functional. The rescue abilities of one persistent expression of E(spl) depends on the dosage of the ASC, such that reduced ASC dosage enhances or two copies of UAS-E(spl) and UAS-HLH-m5 activated by da-Gal4 are considerably stronger than those of the the effect of persistent E(spl) expression.
To examine the effects of persistent expression of same number of transgenic genomic copies of either gene (refer to Schrons et al., 1992) , suggesting that in E(spl) in the presence of an excess of products of a proneural gene, UAS-lethal of scute and UAS-E(spl) the present conditions the exogenous genes are overexpressed.
constructs were simultaneously expressed driven by da-Gal4. Flies homozygous for both UAS-E(spl) and UAS-lethal of scute effectors were crossed with flies The Degree of Neural Hypoplasia After Persistent E(spl) Expression Depends homozygous for the da-Gal4 activator. Persistent expression of this UAS-lethal of scute effector does not on the ASC Gene Dose To further characterize the influence of the genes of the cause major defects in wild-type embryos (B. Giebel et al., unpublished data). However, embryos persistently ASC in this process, we expressed E(spl) in embryos 
coexpressing both UAS-E(spl) and UAS-lethal of scute
the reduction of both achaete and asense protein observed was comparable to that seen in embryos persisdisplay neural hypoplasic defects that are much weaker than those caused by expressing UAS-E(spl) alone, estently expressing either HLH-m5 or E(spl). These latter results indicate that the mutant E(spl) bdϪ protein still pospecially in the PNS, where various kinds of sensory organs and their support cells developed (compare Figsesses the capability to suppress the neural fate. Flies from three lines showed with incomplete penetrance ures 5C and 5D). In the imago, ectopic expression of lethal of scute leads to ectopic development of sensory ectopic microchaetae on the scutellum, multiplication (usually duplication) of bristles, and differentiation deorgans (see Figure 2C) (Hinz et al., 1994) . After simultaneous expression of UAS-E(spl) and UAS-lethal of scute fects of macrochaetae, which had the size of microchaetae (data not shown). Since these phenotypic traits corusing sca-Gal4 as a driver, this effect is strongly reduced; ectopic bristles and bristle-loss phenotypes respond to those of functional insufficiency of the E(SPL)-C (K. Nakao and J. Campos-Ortega, unpublished were observed in the scutellum and the notum, respectively, of the same animals (see Figure 2D ). Using strong data), they suggest inhibitory interactions of the exogenous E(spl) bdϪ with the endogenous wild-type proteins. lethal of scute and weak E(spl) effectors increased the proportion of neural cells in both embryos and adults Simultaneous expression of HLH-m5 or E(spl) with E(spl) bdϪ driven by da-Gal4 causes severe neural hyporelative to the effects of the weak E(spl) effectors (data not shown). Thus, the degree of neural fate suppression plasia both in embryos and adults.
Embryos carrying both strong UAS-E(spl) and intermediate UAS-E(spl)
bdϪ by E(spl) proteins depends on the level of proneural proteins within the same cells. These data indicate that effectors, activated with da-Gal4, die with only small clusters of differentiated neurons. Pupae carrying weak the E(spl) proteins act to antagonize the function of proneural proteins.
UAS-E(spl) and weak UAS-E(spl)
bdϪ effectors lack all the chaetae, including those at the wing margin, after activation with da-Gal4, which normally activates these Neural Hypoplasia Is Associated with effectors only weakly in wing imaginal discs. Simultane-
Extensive Cell Death ous expression of E(spl) or HLH-m5 and E(spl) bdϪ in the Although persistent expression of E(spl) affects ASC background of the E(SPL)-C deficiency Df(3R)gro b32
, regene expression in only subsets of neuroblasts, it evenveals that this combination can reduce the level of neural tually leads to severe neural hypoplasia. We examined hyperplasia seen with this neurogenic mutant to levels cell death patterns of these embryos by acridine orange of weak neurogenic mutations ( Figure 5K observed defects are due to persistent expression of was expressed in embryos and imaginal discs. E(spl) bdϪ the exogenous genes rather than to genes affected at has lost the ability to bind to the N-box due to neutralizathe insertion sites. First, embryos carrying either eftion of its basic domain . In addition, fectors or activators alone were free of phenotypic dethe wild-type E(spl) protein cannot bind DNA in vitro in fects; they were seen only in the progeny of crosses of the presence of E(spl) bdϪ , suggesting that E(spl) and effector and activator strains. When using da-Gal4 as E(spl) bdϪ form non-DNA-binding dimers (Oellers et al., activator, the adult progeny of over 90% of the crosses 1994).
with
UAS-E(spl)or UAS-HLH-m5 effector lines exhibited Thirteen of the 24 UAS-E(spl)
bdϪ effector lines studied phenotypic defects of the same kind. Second, using in did not show any obvious defect during embryonic or situ hybridization with E(spl) or HLH-m5 as probes, the larval neurogenesis, after activation of the constructs level of expression of these genes was found to correlate with either da-Gal4 or sca-Gal4. Phenotypes observed with the severity of phenotypes observed; only higher in the remaining lines were variable. Flies from six lines expression was found to cause severe defects in emshowed a slight bristle loss phenotype with incomplete bryos. Third, the same UAS-E(spl) effectors caused difpenetrance. Only two insertions caused strong neural ferent levels of effects depending on the conditions of hypoplasia accompanied by embryonic lethality when activation. Fourth, using the activators ptc-Gal4, hairyGal4, and Krü ppel-Gal4, which mediate Gal4 activity in driven by da-Gal4 (Figures 5I and 5J) , and in both cases specific regions of the embryo and imaginal discs, a perform the initial steps of neural development under the influence of other proneural proteins, but that they topological correlation could be established between the site of expression and the tissues affected (K. Nakao eventually enter apoptosis. The case of persistent expression of the E(SPL)-C genes under discussion may and J. Campos-Ortega, unpublished data). Fifth, the effects are stronger when two copies of E(spl) or HLHreflect a similar situation. Their effects may be best explained by assuming that the E(spl) proteins repress the m5 are expressed, and even stronger when a combination of both genes is used. The question arises as to function of all genes that promote neuroblast and SMC development. how these effects are produced.
Genes of the E(SPL)-C Can Suppress Persistent Expression of E(SPL)-C Genes Does Not Interfere with Expression of Proneural Genes
Three observations support the notion that suppression Neuroblast Segregation It is intriguing that persistent expression of E(spl) and/or of neural development in embryos persistently expressing genes of the E(SPL)-C occurs by an antagonistic HLH-m5 does not interfere with neuroblast segregation.
We find large cells in all the normal positions of the SI effect on the proneural genes, i.e., the genes required to promote development of neural progenitor cells. First, and SII neuroblast subpopulations. Some of these cells express ASC genes, or other neuroblast markers, at very in these embryos, transcripts of achaete and lethal of scute are absent from neuroblasts that normally express low levels, and others do not express these genes at all; nevertheless, the cells leave the neuroectoderm and these genes, while the concentration of these products is lower in the remaining ones. Second, heterozygosity move into their normal positions. This suggests that neuroblasts may segregate at very low levels of activity for a deficiency of the ASC considerably enhances the severity of the neural hypoplasic defects. Third, simultaof the proneural genes, or that segregation is to some extent independent of this activity. We have mentioned neous expression of lethal of scute reduces the effects of the persistent expression of E (spl) .
that the effects of overexpressing E(SPL)-C genes are eventually similar to those of lack of ASC genes, i.e., Losses of function of genes of ASC and/or vnd (White, 1980; Jimé nez et al., 1995) are all known to result in neural hypoplasia preceded by cell death. However, they differ in that the first case does not affect the segregation defects in neuroblast formation (Cabrera et al., 1987; Jimé nez and Campos-Ortega, 1990 ). However, these of neuroblasts whereas the latter does. We notice that, besides the deficiency of the ASC, one other experimengenes are involved in the formation of only half of the entire neuroblast complement (Jimé nez and Campostal situation is known to lead to a block of the neuroblast segregation process. Struhl et al. (1993) and Lieber et Ortega, 1990; Skeath et al., 1994) ; additional genes are therefore required to promote the development of the al. (1993) have expressed an activated variant of the Notch protein.
Under the control of a heat shock proremaining neuroblasts. Hence, transcriptional repression of the ASC alone cannot explain the severity of moter, SI and SII neuroblast segregation is completely blocked as long as the effects of the heat-shock last the terminal neural hypoplasic defects observed after overexpression of E(spl). To account for it, other genes (Lieber et al., 1993; Struhl et al., 1993; Hartenstein et al., 1994) . Hence, the action of Notch and the ASC precedes required to promote neural progenitor cell development must also be suppressed. It is therefore conceivable the action of the E(SPL)-C (de la Concha et al., 1988; Lieber et al., 1993; Jennings et al., 1994) . Since Notch that the exogenous proteins act to repress all the genes required to promote development of neuroblasts. This requires the activity of the E(SPL)-C to exert its function (Lieber et al., 1993) , one would expect the phenotype possibility is supported by the observation that levels of snail, expression of which is independent of the of overexpression of E(spl) to be identical to that of activating Notch. Therefore, these observations are at activity of the ASC (Ip et al., 1994) , are reduced in embryos persistently expressing E(spl) and/or odds with the normal segregation of neuroblasts that we observe. This apparent discrepancy can be explained if HLH-m5.
The final phenotype and the extensive cell death found one considers that we have overexpressed only one of the seven proteins of the complex, whereas the constituin the developing CNS and epidermis of these embryos is reminiscent of the effects of loss of the ASC function tive Notch variant is assumed to activate all proteins of the complex in the same animal. (Jimé nez and Campos-Ortega, 1979 , 1990 . Neural hypoplasia is severe after deletion of the entire ASC;
In the wild type, Jennings et al. (1994) detect E(SPL)-C proteins in the neuroectodermal cells that surround however, only about 25% of the neuroblast complement fail to segregate. It is also striking that the deletion of a neuroblast only after delamination has begun. Hence, E(spl) proteins act within the cells that remain in the lethal of scute leads to strong neural hypoplasia, although apparently all neuroblasts segregate in the abneuroectoderm after segregation. Using the da-Gal4 driver and an anti-flag antibody, we detect protein prodsence of this gene (Cabrera et al., 1987; Campos-Ortega, 1987, 1990) . In both cases, the phenoucts from stage 6-7 on; that is to say, in our experiments proteins are translated earlier than in development of the type of the fully differentiated embryo has been explained by cell death affecting already segregated neuwild type. Indeed, effects of premature E(spl) expression are detectable before neuroblast segregation; thus, the roblasts and their progenies. Redundancy among the proneural genes can explain the relatively mild defects amount of snail products is already reduced in the neuroectoderm of the stage 7-8 embryo. However, this early in neuroblast delamination in ASC deficient embryos. It is conceivable that, in these embryos, some neuroblasts expression does not affect neuroblast segregation.
Leptin) were used to establish a correlation between the site of
Since the E(SPL)-C acts as the last link in the epistatic expression and the tissues affected. Effector lines are described in chain of the neurogenic genes, the observations of Jenthe main text. nings et al. (1994) and the present results suggest that lateral inhibition functions after segregation.
Plasmid Construction and Germline Transformation
For the construction of pm5UAST, the 760 bp EspI (filled-in)-HindIII fragment containing the HLH-m5 coding region was cloned into
DNA Binding Is Not Essential
XbaI (filled-in)-HindIII site of pBS (Stratagene). The NotI-XhoI insert for E(spl) Function was then cloned into the pUAST vector (Brand and Perrimon, 1993) .
The genes of the E(SPL)-C encode bHLH proteins with .
ing DraI fragment of the in vitro mutagenized construct described
These proteins have been shown to bind to the N-box in Tietze et al. (1992) into the pUAST vector in a similiar way.
(CACNAG; Tietze et al., 1992 Hinz et al. (1994) ; the enhancer Drosophila is expressed dynamically in derivatives of all three germ trap insertion A101 (Boulianne et al., 1991) 
